During the shuttle's Spacelab 2 mission the University of Iowa's plasma diagnostics package (PDP) was released from the shuttle to free fly. At times during this free flight when the PDP was magnetically connected to the shuttle, Stanford's fast-pulsed electron generator, located in the shuttle cargo bay, ejected a 1-keV, 50-mA electron beam. The plasma wave instrument on board the PDP detected intense whistler mode radiation during these beam ejections. This paper presents a study of a whistler mode emission detected during one particular continuous electron beam firing. Calculations indicate that the beam radiated approximately 1.6 mW in the whistler mode as the beam traversed the 200 m from the shuttle to the PDP. The emissivity also decreased by about a factor of 10 over this same distance. The measured wave powers are 107 greater than wave powers expected from incoherent Cerenkov radiation, verifying that the radiation is generated by a coherent process. Estimates of the emissivity based on measured electric field intensities in the beam indicate that the whistler mode noise is produced by radiation from electron bunches created by an electrostatic beam-plasma instability.
INTRODUCTION
In this paper we describe an electron beam experiment performed on the Spacelab 2 (SL 2) mission. The Spacelab 2 flight, which was launched on July 29, 1985, included an electron accelerator called the fast-pulsed electron generator (FPEG) from Stanford University and a spacecraft called the plasma diagnostics package (PDP) from the University of Iowa. During a 6-hour period on August 1, 1985, the PDP was released from the shuttle to investigate plasma effects in the vicinity of the shuttle. During the PDP free flight, the shuttle was maneuvered so that the PDP passed near magnetic field lines connected to the shuttle. Four such magnetic conjunctions were achieved. During one of these magnetic conjunctions a 1-keV, 50-mA electron beam was continuously ejected from the shuttle so that radiation effects could be monitored as the PDP passed near the magnetic field line carrying the beam. Plate 1 shows a frequency versus time spectrogram from the PDP plasma wave instrument during this electron beam event. The funnel-shaped signal extending from the electron cyclotron frequency f½ down to approximately 30 kHz is whistler mode radiation from the electron beam. This whistler mode radiation was first described by Gurnett et al. [1986] . Our objectives in this paper will be to determine the total radiated power from the beam and compare it with the power predicted by various whistler mode radiation mechanisms.
Whistler mode emissions are known to be produced by both artificial and natural electron beams. Some of the early ., 1984] . In December 1983 the Phenomenon Induced by Charged Particle Beams (PICPAB) experiment was carried as part of the Spacelab 1 mission. The PICPAB experiment was specifically designed to investigate radiation from electron beams injected in the ionosphere. As in the other previous experiments, whistler mode signals were again detected when the electron gun was fired [Beghin et al., 1984] . Whistler mode radiation is also produced in the auroral zone in association with the field-aligned electron beams that are responsible for the aurora [Gurnett, 1966] . This radiation is usually called auroral hiss. Both upward and downward propagating auroral hiss has been observed [Mosier and Gumerr, 1969] tron beams [Lin et al., 1984] . The characteristic frequencytime shape of the saucer or funnel is a propagation effect that occurs for whistler mode waves propagating near the resonance cone. Gurnett et al. [1986] , in their initial analysis of the Spacelab 2 results, showed that a similar wave propagation effect was observed for the whistler mode signals generated by the SL 2 electron beam.
ELECTRIC FIELD POLARIZATION
To confirm that the radiation from the Spacelab 2 electron beam is propagating in the whistler mode, we compare the electric field polarization with the polarization expected for the whistler mode. The whistler mode has a polarization that depends on the wave frequency f, the wave normal angle 0, the cyclotron frequency fc, and the plasma frequency f•,. Using cold plasma theory [Stix, 1962] --ft, 2/f 2 and S = 1--ft, 2/0 c2 -fc2). As the wave normal approaches the resonance cone, the electric field E becomes linearly polarized with E parallel to n. In this limit the electric field is quasi-electrostatic and the group velocity vg is perpendicular to E and n (see Figure 1) . In a previous paper [Gurnett et al., 1986 ] the funnel-shaped frequency versus time pattern of the radiation from the SL 2 electron beam was explained as a frequency dependent propagation effect for whistler mode emissions from the electron beam. Figure 2 is a sketch demonstrating how this effect works. Consider, first, a point source of whistler mode radiation, with the radiation propagating near the resonance cone. As the wave frequency increases, the resonance cone angle decreases, and the ray path direction vg becomes increasingly oblique to the magnetic field, approaching 90 ø as the frequency approaches the electron cyclotron frequency. Typical ray paths for a whistler mode emission propagating near the resonance cone are shown in the figure. As a spacecraft approaches the source, emissions near the gyrofrequency are detected first, since their ray paths are almost perpendicular to The linear emissivity of the whistler mode radiation, dP/dfdl, from different locations along the beam can also be calculated. To calculate the linear emissivity, a knowledge of a signal's exact source location from the beam is required; however, by using the ray path, the source of the signal at a particular point along the PDP trajectory can be located. The power radiated from an infinitesimal beam radiation source, dl, is P = • S z2r•R dl, where S_• is the perpendicular component of the Poynting vector measured at the perpendicular distance R from the beam and corresponds to the Poynting flux emitted from a cylinder of radius R and length dl, surrounding the beam. The linear emissivity from this source, dP/dfdl, is then obtained by using the differential form of the power intergal. The calculated linear emissivity of the whistler mode waves is shown in Figure 7 . Note that the emissivity drops by a factor of 10 from 100 to 200 m along the beam. This decrease in emissivity indicates that the efficiency of whistler mode generation decreases with increasing distance along the beam and that the generation mechanism is capable of dynamic changes in tens of meters. If the emissivity continues to drop at the rate observed between 100 to 200 m, the radiation would be undetectable by the PDP at source distances more than about 1 km from the shuttle. This result may explain why Dynamics Explorer 1 (DE-i), which was magnetically connected to the shuttle during a gun firing on the STS 3 mission, did not see beam-generated whistler mode radiation in the vicinity of the streaming electrons [Inan et al., 1984] . From the SL 2 measurements it appears that strong whistler mode emissions are probably generated only in close proximity to the source of the beam.
As mentioned earlier, the electric and magnetic field measurements also provide further evidence that the whistler mode waves are generated via a Landau resonance process. This argument involves a comparison of computed and measured cB/E ratios. Assuming a specific resonance condition and using the solution of equation (1- The measured whistler mode power from the beam will now be compared to the calculated power from Cerenkov radiation, assuming that the beam electrons are incoherent radiators. Our calculations are similar to those performed by Jorgensen [1968] and Taylor and Shawhan [1974] , who both calculated the power from this process and compared it to the radiated powers from VLF hiss. Mansfield [1967] derived an equation that gives the power spectral density radiated from a single electron moving through an ambient ionized gas with a speed greater than the wave phase speed. For an incoherent mechanism the total power radiated from the beam is the power radiated from each electron (dP/df)e, added up over all the electrons in a given beam volume Nv: (dP/df)tota ] = Nv(dp/df) e. Using Mansfield's formula, we can calculate the radiated power from each beam electron, as is shown in Figure 8 . In obtaining this result, we assume that the radiation is produced via a Landau resonance. We also assume, for this calculation, that the pitch angle of the electrons is 10 ø The actual pitch angles varied from 0 ø to 20ø; however, the results are relatively insensitive to pitch angles in this range. From Since an unstable electron distribution is present in the beam, the escaping electromagnetic radiation may result from direct conversion of the beam energy to electromagnetic radiation. Such a mechanism has been proposed by Maggs [1976] for the generation of auroral hiss. In his model, incoherent Cerenkov radiation produced by an auroral electron beam is directly amplified via a whistler mode plasma instability within the beam. It seems reasonable that this wave generation mechanism could be applied to the whistler mode waves emitted from the SL 2 electron beam; however, a problem arises in doing so. Unlike auroral beams the path length for wave growth in the SL 2 beam is very short, only 2-3 electron cyclotron radii (6-9 m). Using the Landau resonance condition and the fact that the emission is propagating near the resonance cone, we can derive an expression for the wavelength of the whistler mode radiation, Future work includes calculating the radiated power from a model electron beam obtained from a particle simulation. The calculated power can then be compared to the measured whistler mode power to confirm that coherent radiation from electron bunches generates the signal.
